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Summary
Our understanding of the origin, evolution, and biogeog-
raphy of seafloor fauna is limited because we have insuf-
ficient spatial and temporal data to resolve underlying
processes [1]. The abundance and wide distribution of mod-
ern and disarticulated fossil Ophiuroidea [2], including brittle
stars and basket stars, make them an ideal model system for
global marine biogeography if we have the phylogenetic
framework necessary to link extant and fossil morphology
in an evolutionary context. Here we construct a phylogeny
from a highly complete 425-gene, 61-taxa transcriptome-
based data set covering 15 of the 18 ophiuroid families and
representatives of all extant echinoderm classes. We cali-
brate our phylogeny with a series of novel fossil discoveries
from the earlyMesozoic.We confirm the traditional paleonto-
logical view that ophiuroids are sister to the asteroids and
date the crown group Ophiuroidea to the mid-Permian
(2706 30mega-annum). We refute all historical classification
schemes of the Ophiuroidea based on gross structural char-
acters but find strong congruence with schemes based on
lateralarmplatemicrostructure [3,4]and the temporalappear-
ance of various plate morphologies in the fossil record. The
verification that these microfossils contain phylogenetically
informative characters unlocks their potential to advance
our understanding of marine biogeographical processes.
Results and Discussion
The Ophiuroidea contain approximately 2,100 currently
described species, found in most seafloor habitats from the
poles to the Equator and from the shoreline to hadal trenches
[2]. They can dominate themegafauna of benthic assemblages
and are sampled by oceanic expeditions frequently enough to
facilitate detailed distributional mapping at large spatial scales
[5]. Although complete body fossils are rare, disarticulated
ophiuroid lateral arm plates are abundant as microfossils in
paleontological samples and are emerging as a new and rich
stratigraphic record to advance our knowledge of deep-sea
paleoecology [6]. Unfortunately, our understanding of the evo-
lution and higher-level systematics of this group is rudimen-
tary, being hampered by a constrained body plan, extensive
homoplasy [2, 3, 7], and deep divergence from other echino-
derm classes. Previous molecular studies have been limited
in their taxon sampling (e.g., [8–10]) or phylogenetic spread
[11], and most have been based upon fragments of a small
number of mitochondrial and nuclear ribosomal RNA genes.*Correspondence: tohara@museum.vic.gov.auWe used a phylogenomic approach to address these defi-
ciencies, obtaining 52 de novo ophiuroid transcriptomes and
three from other echinoderm classes, in addition to three pub-
lically available transcriptomes and three genomes (see Table
S1 available online). Twenty-nine of the ophiuroid transcrip-
tomes were obtained from deep-sea (>500 m) samples, to
ensure adequate taxonomic representation across the class.
We identified and aligned 425 orthologous genes that could
be annotated using available sea urchin, hemichordate, or
actinopterygian genomes (Table S2). After trimming, we used
102,143 amino acid positions to reconstruct a phylogeny of
the Echinodermata, with a focus on the ophiuroids (Figure 1).
The resulting sequence matrix is 85% complete (Figure S1)
and is the largest genetic data set ever assembled to analyze
phylogenetic relationships within echinoderms. We calibrated
our tree using a series of published and novel fossil discov-
eries, ranging from the Paleozoic radiation of the echinoderm
classes to the Mesozoic radiation of the crown group Ophiur-
oidea (Figure 2; Table S3). These include the earliest known
fossils that can be assigned to the extant ophiuroid families
Gorgonocephalidae, Ophiuridae, Ophiacanthidae, Ophioder-
matidae, Ophiolepididae, Ophiochitonidae, Ophiactidae, and
Ophiotrichidae.
Our large data set has enabled us to reconstruct a phylogeny
of the echinoderm classes (Figure 1) with full maximum-likeli-
hood bootstrap support for 90% of nodes, including all family-
to phylum-level nodes, and Bayesian posterior probabilities
of 1.000 for all nodes. At the highest level, our tree confirms
the traditional paleontological view of echinoderm class evolu-
tion [15], supporting the division of echinoderms into the Pel-
matozoa (crinoid) and Eleutherozoa (asteroid + ophiuroid +
echinoid + holothuroid). We recover Asterozoa (asteroid +
ophiuroid) and Echinozoa (echinoid + holothuroid) clades.
The relationship of the Ophiuroidea with other echinoderm
classes has been contentious, with previous analyses pairing
them either with the asteroids, with an echinoid-holothuroid
clade, or as an independent lineage [8, 10, 16]. The problem
is complex, as the fossil record indicates that echinoderm
classes arose rapidly in the early Paleozoic but that modern
crown groups diversified in the early Mesozoic, and such
ancient rapid radiations are notoriously difficult to disentangle
[16, 17]. Support for the Asterozoa in our analysis is over-
whelming and spread across the entire data set (DlnL = 494
support) with a three-to-one majority of individual gene parti-
tions (Figure S2). We found no evidence of long-branch attrac-
tion or compositional biases that might confound the overall
topology (Figure S2). Notwithstanding the limited taxon sam-
pling for some classes, our echinoderm topology is congruent
with another recent transcriptome study using a different set of
species [10].
We date the ophiuroid crown-group origin to the mid-
Permian (2706 30mega-annum [Ma]; Figure 3; Table 1). These
dates are broadly congruent across three different analytical
methods and subsets of the data. The chronology and long
w200 Ma stem of the Ophiuroidea corroborate fossil evidence
of a decline in stem taxa over the Carboniferous and Permian
periods [18], including the end-Permian mass extinction event
(252 Ma) [19]. Although the fossil record shows a significant
Figure 1. Echinoderm Phylogenomic Tree Indicating Ophiuroid Classification Schemes
Maximum-likelihood (RAxML) tree of the 102,143 amino acid data set using a 72-partition model. Branch lengths for the outgroup taxa have been shortened
for readability. Fast bootstrap support values are only given for nodes without full support. The PhyloBayes topology was identical, with all nodes having a
posterior probability of 1.000. The Ophiuroidea are colored blue (for order Ophiurida) and red (Euryalida) [7]. Three higher classification schemes are shown
on the right, indicating the better fit of the recent analysis of lateral arm plate morphology of Thuy and Sto¨hr [4] compared to previous classifications [7, 12].
See Figure S3 for more details.
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Figure 2. Ophiuroid Fossils Documenting Early Crown-Group Disparity and Dating Calibration Points
See Table S3 for more details. Scale bars represent 2 mm in (A)–(D) and 200 mm in (H)–(P).
(A) The archetypical ophiuroid ancestor, unnamed fossil Aganaster species from the Early Carboniferous,w350 mega-annum (Ma).
(B) Triassic fossil Aspiduriella streichani, 245 Ma, classified as an Ophiurinae but with Euryalida-like vertebrae.
(C) The Triassic ophiacanthid fossil Leadagmara gracilispina, 230 Ma. Image from Thuy et al., 2013 [13].
(D) The Cretaceous fossil Ophiactis applegatei (Ophiactidae), 111 Ma. Image from Martin-Medrano et al. 2008 [14].
(E) Detail of arm skeleton of recent Ophiolepis variegata (Ophiolepididae).
(F and G) Disassociated lateral arm plates of recent Ophiolepis variegata in external and internal view, showing the most relevant characters. Sa, spine
articulation; Or, outer surface ornamentation; Ri, inner ridge; Tp, tentacle opening.
(H) Lateral arm plate microfossil of Europacantha paciphila (Ophiacanthidae), 245 Ma.
(I) Lateral arm plate microfossil of unnamed Ophiodermatidae, 230 Ma.
(J) Lateral arm plate microfossil of Eozonella species (Ophiolepididae), 176 Ma.
(K and L) Lateral arm plate and vertebra microfossils of unnamed stem Euryalid, 180 Ma.
(M) Lateral arm plate microfossil of unnamed Ophionereididae, 170 Ma.
(N) Lateral arm plate microfossil of unnamed Ophiuridae, 114 Ma.
(O) Lateral arm plate microfossil of unnamed Ophiotrichidae, 45 Ma.
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1876ophiuroid diversification in the early Triassic [19, 20] (Figure 2),
our phylogeny appears not to show an explosive radiation of
extant lineages dating from that time, indicating that additional
taxon pruning may have occurred at the end-Triassic extinc-
tion event or later. The crown group continued to diversify
over the Mesozoic and Cenozoic, the Ophiotrichidae being
the last family to appear in the fossil record, in the Eocene
(Figure 2O).
We recover three novel clades within the Ophiuroidea
(marked A, B, andC in Figure 1) and reject previously proposed
intraclass taxonomies [7, 12, 18] (Figure 1). The within-ophiu-
roid topology was the same with or without outgroups and us-
ing amino acids or nucleotides. Relationships within the class
have been problematic. Various classificatory schemes have
been constructed, but it remains unclear which morphologicalcharacters are phylogenetically informative [3]. There has been
only one attempt at a cladistic analysis [7], and previous mo-
lecular data have been limited and relatively uninformative
[7–9]. Traditional taxonomic descriptions of fossil species
have been unhelpful, as many lack the detail to place them in
a meaningful phylogenetic context with extant taxa [13].
Thus, modern ophiuroids have been lumped into two orders:
the Euryalida, which include the basket stars and unbranched
serpent stars, having a reduced external skeleton and hour-
glass-shaped articulation surfaces on the vertebrae, and the
Ophiurida, which account for the rest [2].
However, we find that the Ophiurida are paraphyletic with
respect to the Euryalida (Figure 1). Our phylogeny clearly
shows that the euryalids are related to the Ophiuridae and
Ophiomusium (DlnL = 408; Figure S2), although the split
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Figure 3. Echinoderm Chronogram Indicating Extant and Fossil Ophiuroidea
PhyloBayes relaxed-clock log-normal model with birth-death prior, using the calibration points (Table S3) marked by black arrows. The Permian-Triassic
mass extinction is indicated by the vertical green bar. All analyses estimate the origin of the extant ophiuroids to be 2706 30Ma (Table 1; Figure S3). Fossils
depicted in Figures 2A–2O are positioned according to their age and inferred phylogenetic positions. Fossil (A) is an ancestral stem ophiuroid, and (C), (H),
and (I) are part of the crown-group diversification of clade B, all lying within the 95% confidence limits of the reconstructed node ages.
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divergence of morphology reflects their ecological specializa-
tion. The euryalids (such as Gorgonocephalus) are typically
active climbers that use their long and frequently branched
arms to capture plankton from the water column. The Ophiur-
idae and Ophiomusium, on the other hand, have generally
adapted to an epibenthic way of life, typically moving horizon-
tally across muddy seafloors to capture small prey or scav-
enging carrion. We identify the Triassic Aspiduriella streichani
(Figure 2B) as putatively part of the stem group of clade
A, classified as an Ophiuridae on the basis of external
morphology but with euryalid-like hourglass articulation sur-
faces on the arm vertebrae [21]. Previous reports of euryalid-
like fossils (Eospondylus, Onychaster) from the Paleozoic are
now considered to be stem Ophiuroidea [22]. The basal posi-
tion of clade A is consistent with hypothesis that the most
recent common ancestors of modern ophiuroids were Ophio-
musium-like forms from the late Paleozoic [23] (Figure 2A).
The incongruence among previous classifications sug-
gests substantial parallel diversifications within a constrained
morphology. The thick skin covering and ventrolateralplacement of the arm spines of both the basket stars (euryal-
ids) and the family Ophiomyxidae, long united as the Phryno-
phiurina [12, 18], are confirmed to be convergent. Surprisingly,
our two species of Ophiomyxa are placed adjacent to the
ophiodermatids, which has not been predicted by previous
studies [3, 4, 7]. Our topology of the Eurylida differs from that
of Okanishi et al. [11] in that Asteronyx is sister to all other eur-
yalids rather than the Gorgonocephalidae. However, this node
in our tree has equivocal support (Figure 1), and more taxon
sampling is required.
The prominent tropical shallow-water families Ophiocomi-
dae, Ophiodermatidae, Ophionereididae, and Ophiolepididae,
grouped together in previous taxonomic schemes on the basis
of their oral skeletal architecture, are separated into two of our
clades (B and C). Species within the traditional grouping of the
Ophiuridae, Ophiolepididae, and/or Ophioleucidae [12, 24] are
also spread across our phylogeny. Several families are clearly
polyphyletic, particularly the Ophiolepididae, Ophiomyxidae,
and Ophiocomidae, which has undoubtedly confounded pre-
vious systematic analyses. In particular, we find that Ophio-
cypris tuberculosus falls within the Ophiodermatidae rather
Table 1. Estimates of Divergence Times or Stem Length Derived from
Three Relaxed-Clock Analyses
Extant Crown Group
BEAST (Median
Ma, 95% CI)
PhyloBayes (Mean
Ma, 95% CI) PLRS (Ma)
Echinodermata 540 (534–542) 530 (519–540) 542
Eleutherozoa 509 (504–515) 499 (493–508) 505
Asterozoa 482 (479–488) 482 (479–490) 479
Echinozoa 471 (465–482) 471 (464–480) 464
Ophiuroidea 274 (251–298) 267 (244–301) 255
Ophiuroid stem length 208 (182–237) 215 (184–244) 224
Ophiuroid clade A 234 (210–258) 242 (224–252) 230
Ophiuroid clade B 213 (188–252) 237 (218–270) 220
Ophiuroid clade C 211 (190–235) 221 (205–249) 207
Euryalida 100 (71–133) 139 (113–183) 124
Estimates of divergence times or stem length derived from three relaxed-
clock analyses. The BEAST analysis of an 80-gene amino acid data set
included a single-partition JTT-G uncorrelated log-normal rate variation
model with birth-death speciation prior and root age limit of 650 mega-an-
num (Ma) (Figure S3). The PhyloBayes analysis of the same 80-gene amino
acid data included a CAT-GTR log-normal rate variation model with birth-
death divergence time prior and root age limit of 650Ma. The penalized-like-
lihood rate smoothing (PLRS) analysis was performed on the full RAxML tree
(Figure 1) using the truncated Newton (TN) algorithm, additive penalty func-
tion (ADD), and optimized smoothing factor of 1.5.
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1878than within the Ophiolepididae, where it has been previously
placed [18]. The incongruence between our phylogeny and
previous taxonomic schemes based on skeletal characters
(Figure 1) is indicative of the morphological convergence that
is common throughout the Ophiuroidea. Indeed, Martynov [3]
found that many traditional characters, such as the form of
the genital plates, oral structures, disc armament, and many
arm structures, were not consistent with preexisting morpho-
logical classifications.
Our tree contains 15 of the 18 ophiuroid families, which
contain >96% of genera and species, but we have only 38
(15%) genera, and we defer a detailed redescription of
higher-level taxa until further taxa have been sequenced.
Targeting ethanol-preserved museum specimens with exon-
capture protocols designed from this transcriptome data
will allow a future comprehensive redescription of the higher
systematics.
Our three primary ophiuroid clades are not ecologically
cohesive. Feeding guilds [25] and larval developmental types
[26] are spread throughout the phylogeny. However, the
basal lineages of the major clades (including Ophiomusium,
Ophiologimus, and Ophioleuce) are now largely confined to
bathyal to abyssal depths (200–6,500 m), and fossil ophiu-
roid ossicles are common in deep-sea sediments from the
Early Jurassic onward [27], suggesting that at least some of
the radiation of the Ophiuroidea occurred in deep-sea set-
tings [6].
A major finding of this study is that the emerging use of
ophiuroid lateral arm morphologies to identify and classify
modern and fossil specimens can now be corroborated
against a robust phylogenetic framework. Our phylogeny is
consistent with analyses of lateral arm plate synapomorphies
[4] (Figure 1). The only exception is that our tree suggests
that the similar plate shapes of modern Ophioderma and
Ophiolepis [4] are convergent, an interpretation confirmed by
the morphological disparity of previously unpublished Meso-
zoic fossils (Figures 2I and 2J; Table S3). Moreover, our
crown-group calibration points, based on fossil lateral arm
plates, are temporally consistent with our molecular chrono-
gram (Figure 3).Lateral arm plates have excellent preservation potential as
calcitic microfossils and occur abundantly in marine sedi-
ments [28], including those from the deep sea that have been
considered devoid of megafaunal remains [6]. They are quan-
tifiable, determinable to genus or even species [27], and also
contain useful phylogenetic information. The combination of
a robust phylogeny and extensive fossil deposits will ensure
that the Ophiuroidea will contribute much to our future under-
standing of macroevolutionary processes within the marine
environment.
Experimental Procedures
Transcriptomes were prepared from 52 ophiuroid, one crinoid, one holothu-
roid, and one asteroid species (Table S1); sequenced using an Illumina
HiSeq PE100 system averaging 20 million paired-end reads per sample;
and de novo assembled using Trinity [29] software into an average of 150
thousand contigs. Candidate sequences from these assemblies, three pub-
lically available transcriptomes (two echinoids and one asteroid), and two
reference proteomes (hemichordate Saccaglossus and fish Danio) were
selected by BLASTx [30] matches against the key sea urchin (Strongylocen-
trotus) focal reference proteome (build 3.1), averaging 5,500 unique hits with
an e value cutoff of 10210 (Table S4). Because many of our samples were
small filter feeders, coextraction of contaminating planktonic organisms
was an unavoidable and pervasive problem [31, 32]. Moreover, many ophi-
uroid genes had very low coverage and were fragmented into small contigs,
which resulted in better BLASTx match scores for some contaminants than
the underlying real ophiuroid genes. Consequently, certainty of orthology
was empirically determined for each gene by phylogenetic assessment (at
the nucleotide level) of all candidate contigs and reference protein se-
quences. A quarter of the examined candidate gene sets were rejected
due to paralog complexity, including at least ten with ophiuroid subclade-
specific duplications. To maintain data matrix completeness, we consid-
ered only genes identified from at least two-thirds of taxa. An initial align-
ment of 425 genes (147,953 amino acids) across the 61 taxa was trimmed
using the software ALISCORE [33], resulting in 102,143 amino acids in an
85% complete data matrix (Table S2).
Maximum-likelihood and Bayesian phylogenetic inference were conduct-
ed using both the 425-gene and a smaller 80-gene data matrix, with (1)
RAxML [34] fast bootstrap using an exon-based multipartition model opti-
mized by PartitionFinder [35] and (2) PhyloBayes [36] using the CAT-GTR
mixture model, with additional Dayhoff6 recoding and heterotachy model
analyses. Dating analyses were conducted using BEAST [37], penalized-
likelihood rate smoothing (PLRS) [38], and PhyloBayes, applying uniform
prior fossil-based constraints. Eight of our 15 possible fossil calibrations
(Figures 3 and S3; Table S3) were used in the final analysis to avoid redun-
dancy and unconstrain the crown ophiuroid node.
Accession Numbers
The aligned post-ALISCORE data set has been deposited at TreeBase
(http://purl.org/phylo/treebase/phylows/study/TB2:S16042) with the
accession number S16042.
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